Variability in the ribosomal DNA (rDNA) gene family was surveyed in Scots pine (Pinus sylvestris L.) populations from southern and northern Finland. A total of 97 trees were studied with three restriction enzymes, revealing 13 variable rDNA phenotypes. Each rDNA phenotype represents the combined genotype of the eight rDNA loci (NORs, nucleolus organizer regions) that are present in the Scots pine genome. The studied Scots pine populations were equally variable and there was no evidence of geographic differentiation. Of the total rDNA diversity of the species, 86 per cent was found within populations (including within-individual variability) and 14 per cent was found between populations. Within individual trees, one to four rDNA repeat types were distinguished. No variation was found in the coding regions but variable restriction sites were identified in the IGS and transcribed spacer regions. The inheritance pattern of an rDNA variant carrying a 0.4 kb deletion in the transcribed spacer region was studied. The deletion-carrying rDNA variants were distributed non-randomly across the NOR loci and showed regular Mendelian segregation in the progeny. The observed distribution pattern of rDNA variability suggests that the rate of intrachromosomal homogenization is greater than that of interchromosomal homogenization in Scots pine.
Introduction
The amount and distribution of variability in multigene families is influenced by several evolutionary forces. In addition to population-level genetic processes (gene flow, selection, genetic drift, etc.), the process of concerted evolution affects variability of the multigene families at the molecular level. Concerted evolution, also known as molecular drive (Dover, 1982) , tends to reduce variability between gene copies by molecular, non-Mendelian mechanisms (e.g. gene conversion, unequal crossing-over), resulting in relatively homogeneous gene copies within a species (Arnheim et at., 1980; Dover, 1982; Ohta & Dover, 1983 .
Variability in a multigene family also depends on the number of gene copies, the number of chromosomes on which the gene copies are distributed and the rate of DNA exchange within and between chromosomes (homogenizaton), etc. (Dover, 1982) .
Ribosomal DNA (rDNA) is a well characterized multigene family in plants. rDNA occurs as tandemly repeated units at one or several loci with copy numbers *Correspondence.
varying from several hundred to thousands of copies per haploid genome (Long & Dawid, 1980) . The basic rDNA repeat consists of a transcription unit and an intergenic spacer (IGS). The transcription unit is composed of genes coding for 18S, 5.8S and 26S rRNA, separated by two transcribed spacers (ITS 1 and ITS2). Molecular genetic surveys of the variability in rDNA have shown that different regions of rDNA repeats show different rates of evolution. Whereas the coding regions of rRNAs are highly conserved even between genetically distant species (Eckenrode et at., 1985) , the IGS region is, on the other hand, highly variable among and within plant species. Both restriction-site variation and, more commonly, spacer-length variation occur in the IGS region of plants (Schaal & Learn, 1988) . Spacer-length variation usually results from variable numbers of typically 100-400 bp long subrepeats in the IGS region, as described for Triticum (Appels & Dvorak, 1982) , Hordeum vulgare (SaghaiMaroof et at., 1984) , Vicia faba (Yakura et at., 1984) , Zea mays (McMullen et at., 1986) , Raphanus (Tremousaygue et at., 1988) and a variety of other species. Interspecific comparisons of the transcribed spacers (ITS I and ITS2) have shown intermediate levels of variability but also a short conserved 'corelike' sequence structure (Venkateswarlu & Nazar, 1991) .
The distribution of rDNA variability has been studied in several plant populations (Saghai-Maroof et a!., 1984; Learn & Schaal, 1987; Schaal et at., 1987; King & Schaal, 1989; Bobola et a!., 1992a , Capossela et a!., 1992 . rDNA variation can be apportioned into several categories: between populations, between individuals within a population and, because of the multiplicity of the rDNA repeats, between rDNA repeat units within an individual. In species with many rDNA-containing loci the analysis of the withinindividual variability can be complex because an individual plant may be heterogeneous with respect to rDNA for several reasons: (1) two or more rDNA variants occur within a single rDNA array, (2) different rDNA variants are associated with different arrays, and (3) heterozygosity (different variants on homologous chromosomes) (Clegg, 1989) .
The chromosomal organization and structure of conifer rDNA repeats differ considerably from those of angiosperm species on which a majority of the plant rDNA studies have centred. The size of the rDNA repeats in Pinus radiata (Cullis et al., 1988) and in Pinus sylvestris (Karvonen et at., 1993) is at least 27 kb and in Picea rubens and Picea mariana it is 32-40 kb (Bobola et al., 19 92b) ; two-or three-fold as large as typical rDNA repeats of angiosperms. Furthermore, in P. radiata (Cullis et at., 1988) and P. sylvestris (Karvonen et at., 1993 ) the rDNA repeats are organized into a minimum of eight to ten nucleolus organizer regions (NOR) whereas non-polyploid angiosperms have generally only one or two NOR loci (Long & Dawid, 1980; Rogers & Bendich, 1987) .
In this paper we report the results of a survey of rDNA variability in Scots pine (Pinus sytvestris L.). The purpose of this study was firstly, to consider the distribution of rDNA variants between and within individuals and chromosomes in relation to the theory of molecular drive, secondly, to compare rDNA variability of Scots pine to that found in angiosperms, and thirdly, to compare the observed patterns of variability to those found earlier for isozymes is Scots pine. For these purposes, RFLP variability of rDNA repeats was scored for 97 Scots pine individuals and the inheritance pattern of an rDNA repeat variant was studied.
Materials and methods

Population samples
Needles for DNA isolation were collected from altogether 97 individual trees from the following loca- tions: Ylläs (n = 30) and Kaamanen (n = 27) natural populations from northern Finland and the Hausjärvi (n = 22) and Viitaselkä (n = 18) seed orchards from southern Finland. Locations and sample sizes are shown in Fig. 1 . In seed orchards, the trees are phenotypically selected trees collected from a restricted area in southern Finland (dotted area in Fig. 1 ).
Controlled cross F1 progeny (31 individuals) of the controlled cross E636C X E702 from the Hausjärvi seed orchard were used to study the inheritance of rDNA variation.
Restriction maps of the rDNA repeat units present in the parental trees were constructed by means of a series of single and double digestions, using the previous restriction map of the Scots pine rDNA repeat (Karvonen etal., 1993) as a reference.
DNA isolation and Southern blotting DNA was extracted from 10 g of needles by a modification of the CTAB method (Murray & Thompson, 1980; Wagner et at., 1987) . Needles were frozen with liquid nitrogen and quickly homogenized into crude power. The powder was mixed with cold DNA extraction buffer and further homogenized with a Polytron homogenizer. After these steps the DNA extraction followed the procedure of Wagner et at. (1987) . Some of the DNA samples were further purified by cesium chloride ultracentrifugation but this step was later found to be unnecessary. 
Hybridization and detection
The membrane was hybridized with a pBG35 plasmid that contains the complete rDNA repeat unit from flax (Goldsbrough & Cullis, 1981) . The pBG35 DNA or purified insert-DNA (1-2 g) was labelled by random primed incorporation of digoxigenin-dUTPs for 20 h.
The labelling, hybridization and detection of the hybridized membranes were performed according to the detailed instructions supplied with the digoxigeninkit (Boehringer Mannheim), with the following modifications.
Prehybridization (2 h) and hybridization (overnight) were performed at 65°C in the Hybaid Mini hybridization oven. Membranes were washed 2 X 5 mm in summarized in Table 1 for BamHI, EcoRI and Sad and designated by letter symbols (A, B, C, etc.).
Because the rDNA repeats are organized into at least eight NORs in the haploid Scots pine genome (Karvonen et al., 1993) , each rDNA phenotype in Table 1 represents the combined rDNA genotype for all NOR loci. A particular rDNA hybridization pattern, e.g. SacI:D with 8.1 and 7.7 kb rDNA fragments from the 25S-IGS region, is therefore likely to include rDNA fragments from several (two) types of rDNA repeat present within an individual tree. A-D and Sad: A-E) and fragment sizes (in kb) can be crossindexed to Table 1 .
Distribution of the rDNA patterns in Scots pine populations
The distribution of the rDNA variability among Scots pine populations in northern and southern Finland is presented in Table 2 . Although as many as 13 variable rDNA patterns were recognized in the present study, many of them had very limited distributions and six of the rDNA patterns were found in only a single individual. The most frequent rDNA phenotype was present in 54 per cent of the individuals. Shannon's information measure, H (Hutcheson, 1970 ) was used to quantify the amount of rDNA diversity and to apportion this variability into between and within population components (Table 3 ). The average rDNA diversity of the populations was 1.29, which represents 86 per cent of the total species diversity (Hpop/Hspecjes, Table 3 ).
Differences between populations account for 14 per cent of the total diversity. Therefore, most of the rDNA Table   3 for full names). A restriction map of the rDNA variant producing the extra rDNA fragments in hybridization patterns of the E636C was constructed using the previous restriction map of the most frequent Scots pine rDNA repeat (Karvonen et al., 1993 ) as a reference. Table 4 Table 4 Informative rDNA fragment sizes (kb) from the 18S-25S rDNA region of the trees E636C and E702 showing that two types of rDNA repeats exist in the tree E636C: a repeat type similar to the repeats present in the tree E702 and a repeat type carrying a 0.4 kb deletion in the ITS1 region (compare with the restriction map in Fig. 4 repeat of Scots pine encountered in this study (the 'standard repeat type', present in the paternal parent E702). Based on the restriction data, the EcoR[ site of the variant rDNA repeat was deleted from the ITS 1 region between the 18S and 5.8S genes. A schematic restriction map of the rDNA variant carrying a deletion of about 0.4 kb is presented in Fig. 4 . Note that the rDNA repeats carrying a 0.4 kb deletion formed only a minority of the rDNA repeats in the E636C. The majority of the rDNA repeats in the E636C were similar to the 'standard repeat type'. Segregation analysis. rDNA hybridization patterns of 31 F1 individuals from the cross E636C X E702 were produced with restriction enzymes BamHI, EcoRT and XbaI + Dral. Sixteen F1 individuals exhibited the female parental rDNA pattern and 15 F1 individuals the male parental rDNA pattern with all the enzymes used (example in Fig. 3) , indicating a situation where one rDNA locus of the mother is heterozygous for the presence of the deletion-carrying rDNA repeats. No structural rearrangements were observed in the rDNA patterns between the progeny and the parents.
The regular segregation pattern of 1:1 suggests that the rDNA repeats with a 0.4 kb deletion are present only at one rDNA repeat array in the maternal parent (allele' at one NOR locus) and that they segregate in a Mendelian way. However, it is not possible to conclude from these data whether the deletion repeats are the only repeat type present in this particular rDNA array or whether they intermingle with other repeat types.
Discussion rDNA variability within Scots pine individuals
The results in the present study illustrate that there is considerable variation in the Scots pine rDNA although only the transcribed regions and a limited proportion of the intergenic spacer were surveyed. On the basis of rDNA hybridization patterns digested with BamHI, EcoRI and Sad, 13 rDNA phenotypes were recognized in a sample of 97 individuals from northern and southern Finland. Each rDNA phenotype represents a combined genotype of the approximately 10 000 rDNA repeats present in a diploid Scots pine cell (Ingle et al., 1975) , which are organized at a minimum of eight NOR loci (Karvonen eta!., 1993). Variability was found in the IGS and transcribed spacer region of Scots pine rDNA repeats: a situation commonly observed in other plants (Appels & Dvorak, 1982; Schaal & Learn, 1988 ). An individual Scots pine tree seemed to contain several types of rDNA repeats, as indicated by Sad digestions, where one to four rDNA fragments covering the 5' end of the IGS region could be detected in an individual tree (Fig. 2b) . Intraindividual rDNA variation has previously been reported in many plant species, both in angiosperms and conifers. Vicia faba individuals may contain up to 20 different rDNA variants (Rogers et a!., 1986) and the mean number of rDNA repeat variants per plant was 1.98 in Phlox divaricata (Schaal et al., 1987) , 2.65 in Clematisfremontii (Learn & Schaal, 1987) and 2.28 in Hordeum vulgare (Saghai-Maroof et a!., 1984) . In Picea rubens (red spruce) and Picea inariana (black spruce) as many as five rDNA repeat types could be distinguished within individuals (Bobola et al., 1992a, b) .
In contrast to the spacer regions, the rRNA coding regions were homogeneous with respect to both length and restriction sites within, as well as among, Scots pine individuals. Selective forces are acting to conserve the functionally important secondary structures in rRNA genes and the molecular turnover mechanisms associated with concerted evolution seem to be effective in homogenizing the coding regions, despite large numbers of rDNA repeats and NOR loci is Scots pine. The proposed molecular mechanisms for maintaining homogeneity include biased and non-biased gene conversion, unequal crossing-over and transposition, which can operate within and between chromosomes (Tartof, 1975; Dover, 1982; Ohta & Dover, 1983 . These mechanisms will either eliminate a new variant (the most frequent event in the absence of Previously the inheritance and genetic organization of rDNA variants have been studied in only a few plant species, including Hordeum (Saghai-Maroof et a!., 1984), Pisum sativum (Ellis et at., 1984; Polans et at., 1986) and Triticum (Snape er al., 1985) . In each case the rDNA variants were inherited in a regular Mendelian fashion and were distributed non-randomly among rDNA arrays with respect to chromosomal location. The non-random distribution of rDNA variants across loci has been regarded as evidence that the rate of intrachromosomal exchange (homogenization within an rDNA array) is substantially greater than the rate of interchromosomal exchange (Polans et at., 1986) . In humans, the marked linkage disequilibrium of rDNA variants within individuals led Seperack eta!. (1988) to suggest that sister chromatid exchanges are much more important than homologous or non-homologous recombination events in the concerted evolution of the rDNA family. Therefore, frequent molecular interactions within chromosomes are able to create the observed within-individual linkage disequilibrium, homogenizing each rDNA array independently of others arrays located on other (homologous or nonhomologous) chromosomes. However, the occurrence of some polymorphic rDNA variants at more than one locus has been observed in primates (Arnheim et al., 1980; Krystal et a!., 1981) and Drosophila melanogasrer (Coen & Dover, 1983) . Dover (1989) sampling is a more important source of sampling variance than population sampling, even when 20 restriction enzymes are used (Lynch & Crease, 1990 ). Many of the observed rDNA phenotypes of Scots pine had very limited distributions, and nearly half of them were found in only a single individual. Most of the rDNA variability (86 per cent) was found within Scots pine populations (including within-individual variability), whereas differences between populations accounted only for 14 per cent of the total diversity. Although geographical differentiation of rDNA variability has been documented in several plant species, including Clematis fremontii (Learn & Schaal, 1987) , Phlox divaricata (Schaal et a!., 1987), Hordeum spontaneurn (Chalmers et at., 1 992) and Picea rubens and Picea mariana (Bobola et al., 1992a) , we found no evidence of significant geographical differentiation in Scots pine rDNA. This is not surprising, as the species showing geographical differentiation are mostly herbaceous perennials or annuals that have very different population structures from pines. Scots pine is characterized by broad range, large, predominantly outcrossing populations and potential for extensive gene flow (Muona, 1989) . In contrast, species with clear local differentiation of rDNA variability are characterized by limited gene flow, small population size or geographical isolation that contribute to genetic differentiation among populations. For example, Clernatis fremontii occur on small, island-like glades in Missouri, and the local genetic differentiation of rDNA variability is influenced by limited pollen and seed dispersal, as well as genetic drift (Learn & Schaal, 1987) . Also rDNA VARIABILITY IN P. SYL VES TA/S 621 Phlox divaricata populations, although widely spread, are geographically isolated and show clear differentiation of rDNA variability among populations (Schaal et at., 1987) .
The patterns of rDNA variability in the Scots pine populations agree well with the previous studies where isozymes have been used as genetic markers. Finnish Scots pine populations have high levels of genetic diversity both in natural stands and seed orchards, the average expected heterozygosities at enzyme loci ranging from 0.243 to 0.286 (Muona & Harju, 1989) . No latitudinal differentiation in isozyme allele frequencies has been observed in Northern Europe, as the GST values are less than 0.02 (Gullberg et a!., 1985; Szmidt & Muona, 1985) . In contrast, quantitative genetic traits related to climatic constraints, e.g. date of bud set, are highly differentiated between Scots pine populations (Eriksson et a!., 1980; Mikola, 1982; Muona, 1989) , suggesting that geographically differentiated DNA markers are yet to be found.
